Abstract-We experimentally demonstrate a low-cost hardware technique for synthesizing a specific electromagnetic pulse shape to improve a time-domain microwave breast imaging system. A synthesized broadband reflector (SBR) filter structure is used to reshape a generic impulse to create an ad-hoc pulse with a specifically chosen frequency spectrum that improves the detection and imaging capabilities of our experimental system. The tailored pulse shape benefits the system by improving the level of signal detection after transmission through the breast and thus permits higher-resolution images. We report on our ability to use this technique to detect the presence of tumours in realistic breast phantoms composed of varying quantities of glandular tissue. Additionally, we provide a set of images based on this experimental data that demonstrates the increased effectiveness of the system using the SBR-shaped pulse in the localisation and identification of the embedded tumour.
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INTRODUCTION
The early detection of breast cancer is imperative to ensure the successful treatment of the disease.
X-ray mammography, the most commonly employed early-stage detection technique, has several drawbacks: it exposes patients to ionizing radiation, the exam requires the uncomfortable compression of the breast, it has difficulty imaging the breasts of young women, and it suffers from a high rate of falsepositives [1] . The search for complementary imaging modalities that address these issues is of great interest. Microwave imaging techniques have shown promise as an early-stage breast cancer detection modality. The illumination of the breast with microwaves allows the presence of small tumours to be detected [2] . Several experimental systems have been previously designed in order to investigate the feasibility of the technique [3] [4] [5] [6] . The majority of these systems [3] [4] [5] focus on frequency-domain analysis using a network analyser to record data. We have previously reported the design of an experimental system that makes use of time-domain measurements [6] . This paper focuses on the most recent hardware improvements made to the experimental system first presented in [6] , and explores how these changes impact tumour detection and localisation. Using a synthesized microstrip transmission line filter we are able to reshape a generic electromagnetic impulse into a specific waveform. The benefits of this technique are two-fold: i) we are able to create a specific waveform whose time-and-frequency characteristics are optimized for the system antenna in order to maximize the useful launched power into the breast, and ii) we do so without requiring expensive GHzband arbitrary waveform generator instrumentation, instead using an inexpensive and planar pulse-shaping filter that could be integrated onto the surface of the detection radome. Additionally, unlike our previous analyses [6, 7] , in which we focused on a selected subset of antenna arrangements to demonstrate the feasibility of tumour detection using our system, we now collect data from the entire antenna array which allows us to rapidly reconstruct an image of the breast phantom. We present time-domain analysis of this newly designed experimental system, and assess its improvement on the detection and localisation of tumours in life-like tissue phantoms in comparison to the system presented in [7] .
BACKGROUND
The illumination of the breast with electromagnetic waves in the microwave frequency band serves to identify differences in the electrical properties of the breast tissues, which are the cause of non-uniform scattering. More specifically, the reported contrast between malignant and healthy breast tissues [2] can result in a strong and detectable local scattering effect. Detection of scattered waves through the tissues is made possible by the relatively low-loss nature of the breast tissue at microwave frequencies; hence, the recovered signals can be used for imaging purposes.
In [6] we presented an experimental time-domain system using an impulse generator to excite a wideband antenna. The pulse created from this generator was a simple, unipolar voltage impulse (−7.5 V, 70 ps half-maximum width) that was not matched to our antenna's spectral bandpassing profile and had the majority of its signal content at DC. This mismatch caused a large amount of otherwise useful transmission power to be lost right at the transmit antenna.
Rather than acquiring expensive active pulse-synthesizing hardware or employing a generic microwave bandpass filter for the antenna's basic bandwidth, we noted that recent literature [8] [9] [10] has demonstrated the possibility to design a passive, planar microwave filter with an arbitrary frequency response, to reshape a generic impulse into a desired target pulse. The synthesis method presented in [8] provides an exact analytical solution for converting a target frequency response into a physical profile for the dimensions of a transmission line. The synthesis technique resulted from a line of research into electromagnetic bandgap structures and is based on perturbing the physical shape of a microwave transmission line. Following the procedures developed in [8] [9] [10] , and knowing a priori the shape of the original available impulse and the frequency response of the transmitting antenna, it is possible to determine the optimal frequency response of the microstrip line to be fabricated. We refer to this fabricated microstrip line as a synthesized broadband reflector (SBR) because the resulting filter is reflective rather than transmissive (i.e., the resulting target pulse is collected upon reflection backwards through the filter's input port).
Our purpose in choosing to use a hardware approach (as opposed to software-based programmable pulse generators) is primarily because, while the state of the technology is still in flux, integrating arbitrary pulse-synthesis in the GHz spectrum is comparatively more costly. Fabricating an SBR (nothing more than metal trace on dielectric) to passively synthesize a target waveform is much cheaper than acquiring a commercial arbitrary waveform generator in the GHz frequency range. Additionally, one can envision future microwave imaging systems that are conformal in nature in which the system is designed to adhere to the contour of the breast. The potential exists to have this pulse shaping circuitry directly integrated into the conformal measurement device by implementing the microstrip as a contour-mapped structure.
The signals detected after transmission through the breast phantom with the original (generic impulse) system were weak in amplitude due to their inefficient matching with the antenna, resulting in detected signals close to the noise floor of the detection instrument, which made post-processing to distinguish the tumour from surrounding tissues more difficult. The goal of the modified experimental system that incorporates the SBR is to improve the tumour response by increasing the strength and coherence of the signal detected after transmission through the breast tissue by pre-shaping the transmit pulse's frequency content in a pre-established band of interest with a higher coherent time evolution (target pulse shape). Furthermore, this approach avoids the undesirable transmission of unnecessary energy in the lower frequency range, which has an impact on the maximum input power that can be safely delivered to the breast. At low frequencies (i.e., sub-GHz) the maximum amount of energy that can be safely deposited into human tissue, based on safety standards established by the IEEE, is much lower than for GHz frequencies (for example, the maximum permissible power exposure at 300 MHz is a tenth of that at 3 GHz [11] ). Using a generic low-frequency input pulse places more strict safety limits on the maximum input power that we are able to use in our system.
We have previously investigated the ability of a time-domain system to detect the presence of tumours in various life-like tissue phantoms with the use of several antenna orientations [6, 7] . The analysis presented in this paper is based on the integration of a SBR within the current system design in order to improve signal transmission and tumour detection within these tissue-mimicking phantoms. This work is focused on identifying whether or not this integration of the SBR pulse-shaping system improves the system's ability to detect a difference between a healthy breast and the same breast with a tumour present.
With an antenna array consisting of twelve co-polarized antennas arranged and placed in a hemispherical radome, we are able to collect 132 signals in a multi-static radar arrangement. We contrast the ability of the system in [7] and the improved system to detect the presence of tumours in a set of breast phantoms varying from a purely adipose hemispherical tissue phantom to complex, irregularly shaped phantoms with up to 80% glandular content. We demonstrate here that our lowcost approach to pulse-shaping allows us to create a higher-resolution image of the breast phantom and improves localisation of the embedded tumour.
EXPERIMENTAL SYSTEM
The following section provides details regarding the individual components that make up the experimental system and is broken into four subsections. The first subsection reviews the methods the authors followed in order to create life-like breast phantoms. The second subsection provides a brief synopsis of the initial experimental system, first developed in [6] , and the respective components that make up the system. We then present a characterization of the SBR device, detailing the design decisions made in the pre-fabrication process and comparing its theoretical and experimental performance. The final subsection discusses the implementation of the pulse shaping device within the microwave imaging system, the additional components required, as well as a comparison, in both the time-and frequencydomain, of the newly formed pulse with the generic impulse.
Tissue Phantoms
The breast phantoms have been constructed to realistically mimic life-like tissue. This is accomplished by creating breast phantoms with electric properties, both permittivity and conductivity, similar to those of the tissues that make up the breast anatomy. We previously outlined a procedure to create these breast phantoms from readilyavailable chemicals [12] . This procedure allows us to create tissue phantoms that closely mimic the various tissues composing the human breast, including skin, fat, gland, and tumour phantoms. Recently, we have adapted this methodology to create irregularly shaped breast phantoms [13] , as well as modelling the glandular tissue by a discrete number of cones [14] . This creates an inhomogeneous breast phantom that closely mimics the structure of a real human breast. The glandular tissue is arranged by choosing a discrete number of cones to be embedded within the fatty tissue. An example of these recently developed phantoms is shown in Figure 1 .
Initial System Description
The initial time-domain system presented in [6] uses a generic impulse generator (Picosecond Pulse Labs Impulse Generator Model 3600) to create a 70 ps full-width at half-maximum Gaussian pulse with −7.5 V amplitude. A clock (Tektronix gigaBERT 1400 generator) operating at 250 MHz is used to both drive the impulse generator (controlling the repetition rate of the input pulse) and to trigger the oscilloscope used for detection (Pico Technology PC Oscilloscope 9201). In [7] we discussed the presence of an overlap in the received signals due to consecutive pulses being too close together, thus to avoid this scenario we adjusted the clock to operate at a modest pulse repetition rate of 25 MHz. A hemispherical dielectric of alumina (Al 2 O 3 ), ε r = 9.6, forms the radome used to provide a rigid housing structure for both the antennas and the breast phantoms. The purpose of the radome is twofold: i) to improve antenna performance by providing better matching at the antenna launch, and ii) to ensure that the antennas are always in the same position relative to each other and the breast phantom.
The radome consists of 16 antenna slots organized into equally We refer to the slots that are parallel to the open face of the radome as the co-polarized slots. The slots oriented perpendicular to the copolarized slots are referred to as being cross-polarized. In total, there are 12 co-polarized and 4 cross-polarized antenna slots. This design was chosen as initially it was uncertain whether antennas arranged in a co-polarized or cross-polarized fashion would be more useful for detection purposes. However, our early tests revealed that use of only the co-polarized responses provided the most successful tumour detection [6] , thus we chose to focus solely on the co-polarized antennas.
A photograph of the fabricated radome, as well as a schematic drawing of the radome with the 12 co-polarized antennas labelled, is shown in Figure 2 . The antenna used in this experimental system is a Traveling Wave Tapered and Loaded Transmission Line Antenna (TWTLTLA) [15] , specifically designed for microwave imaging of the breast. It is a compact, 0.635×12×18 mm 3 , wideband antenna that has been tailored for optimum performance when placed in a medium with dielectric properties similar to that of adipose breast tissue (ε r ≈ 9). An S 11 Figure 3 . A plot of the S 11 of the antenna embedded within the radome. At low frequencies the antenna is reflecting rather than transmitting much of the incident power. The inset is a photograph of the fabricated antenna.
(reflection vs. frequency) plot for the antenna embedded in the radome is presented in Figure 3 along with an inset image of the fabricated antenna. From approximately 3-12 GHz, the S 11 of the antenna is below −10 dB, signifying that no more than 10% of the incident power will be reflected at the transmit antenna input. At frequencies below 2 GHz the antenna exhibits an S 11 in excess of −5 dB; in this region, the antenna reflects significant power.
Pulse Shaping and the SBR Structure
We choose to implement the SBR in microstrip technology, a popular transmission line format in which a single conductor trace runs above a ground plane on a dielectric substrate [16] . The profile of the width of the conductive trace is directly related to its frequency response. Knowing the expected input to the microstrip and the desired output, the methods of [8] [9] [10] dictate the shape of the microstrip to transform the input pulse into the target.
The SBR was fabricated on a RO3010 microwave substrate (ε r = 10.2). A photograph of the fabricated SBR is shown below in Figure 4 . The device is compact, measuring 2.9 cm wide, 14.3 cm long, and 1.27 mm thick (excluding the 1.9 cm thick connectors used for this discrete prototype), and the secondary port of the device (right of image) is terminated with a 50 Ω broadband load to match the resistance of the conductive strip at the terminal to reduce unwanted reflections from the termination.
The SBR was designed such that the newly reshaped pulse contains most of its energy in the 2-4 GHz range. This decision was made based on a trade-off between optimized antenna performance and the lossy nature of the breast at high frequencies. At frequencies below 2 GHz, not only is the antenna generally reflective rather than transmissive (S 11 > −5 dB [15] ), but also the signals in these low Figure 4 . A photograph of the fabricated SBR structure. The dimensions of the device are 2.9 cm × 14.3 cm. The thickness of the SBR prototype is limited by the thickness of the SMA connector, however in an integrated and planar system this could be avoided by conformally placing the SBR (co-located with the antenna) on the radome. frequencies can be detrimental to tumour detection as they undergo minimal attenuation. The reason low attenuation is a concern is that this can lead to multiple signal reflections within the breast that are picked up at the receiver, thereby clouding the received signals. Conversely, signal content at frequencies higher than 4 GHz experience too much attenuation overall as they pass through breast tissues to make discrimination from noise feasible at our detector. The 2-4 GHz range represents a "sweet spot" range between these effects.
The SBR is a reflection mode device; the input and output are at the same terminal of the device. The frequencies that make up the target pulse shape are reflected by the SBR, amplified, and launched from the antenna. A comparison plot of the target S 11 for the desired frequency response, simulated (using Agilent ADS Momentum software), and ultimately measured from the fabricated SBR using a vector network analyser (VNA, Agilent 8703B Lightwave Component Analyzer), is shown below in Figure 5 . The SBR has been designed to fully satisfy the target shown in Figure 5 , keeping the main part of the energy coherently reflected in the 2-4 GHz range. From the comparison in Figure 5 , the fabricated SBR performs well and is in agreement with both the target spectrum and the simulated data. The ripples that appear in the S 11 plot for the fabricated device can be attributed to the non-ideal impedance matching that occurs at the two ports of the SBR filter; there are slight impedance differences at the connection between the VNA and the input port of the SBR, as well as the broadband 50 Ω load and the secondary port of the SBR. Figure 5 . A comparison of the spectrum of the reflected power (S 11 ) of the SBR between the desired target spectrum, the simulation results, and the fabricated device.
System Design and Implementation
It is straightforward to analyze the effect of the presence of the SBR filter in the system. As per the system described in [6, 7] a 25 MHz clock drives the impulse generator, which creates an input impulse train. The impulse is routed to the SBR and back via a directional coupler (Pulsar CS06-09 436/9, 2-8 GHz, with 6 dB coupling loss and 0.5 dB insertion loss) and is passed to a broadband amplifier before launch. The reshaped pulse now contains only the desired spectrum; hence, we can amplify the signal before it is transmitted into the breast. Such amplification would not be as helpful with a generic impulse since we would be increasing the power only to have it reflected or lost at the transmit antenna. The amplifier (Mini-Circuits ZVE-3W-83+, 2-8 GHz operating range, +35 dB gain, max. output power 33 dBm) is used to compensate for additional losses incurred by signal transmission through the directional coupler, as well as those due to the SBR. In order to ensure that we do not exceed the power limits for linear operation of the amplifier (since our newly formed pulse has a peak power of 6 dBm), we used a broadband attenuator (−9 dB, not shown) prior to amplification. The transmitted signal scatters at various points of electromagnetic discontinuity within the breast and is collected by receiving antennas at different locations, which are then recorded for post-processing using the oscilloscope. A block diagram of the system is depicted below in Figure 6 . Figure 6 . A high-level depiction of the complete experimental setup. The setup includes a clock to drive the pulse generator, a directional coupler to route the signal from the SBR structure towards the antenna, a radome to house the antennas and the breast phantom, and an oscilloscope to record the time-domain data. A comparison, in both the time-and frequency-domain, between the original pulse from the impulse generator and the SBR-shaped band-limited pulse is shown in Figure 7 . The pulse has been transformed from a 70 ps DC-centric impulse to an AC pulse. The filtering of the DC content could have been left to the antenna, with two serious drawbacks: i) too much low-frequency content will continue to be transmitted, confounding results due to the aforementioned "multiple echoing" effects, and ii) by pre-shaping the pulse it can be subsequently and usefully amplified before transmitting it into the breast without exacerbating the echoing effect. In Figure 7 , the amplitudes of the pulses have been normalized to the maximum of the reshaped pulse after amplification. Despite the fact that the reshaped pulse has been significantly amplified, because of insertion losses of the added SBR circuitry the peak voltage of both pulses is of the same order. There is an approximate 5 ns delay between the two pulses; this delay is due to the propagation delay from the extra cables and pulse-shaping circuitry (directional coupler, SBR, amplifier).
The majority of the power of the unshaped impulse is in the low frequency range with decreasing power as the frequency is increased. It is due to this power concentration in the low frequency range that despite poor antenna performance (at frequencies below 2 GHz) a significant portion of these unwanted frequencies are transmitted. Figure 7 illustrates both the original and reshaped pulse spectra as generated by a Fourier transformation of their timemeasured waveforms. The plot shows the suppression of the undesired frequencies outside the 2-4 GHz range.
METHODOLOGY
Each measurement was conducted with a pair of antennas using only one transmitting and one receiving antenna. We concentrate on antennas arranged in a co-polarized manner based on the conclusions presented in [6, 7] that demonstrated improved signal transmission and tumour detection for co-polarized antenna arrangements. Twelve antennas were placed into the co-polarized antenna slots (a labelled diagram of the location of the 12 antenna slots can be seen in Figure 2 ). We used a set of 8×1 co-axial switches to cycle through the 11 receiving antennas for each transmitting antenna. This allowed us to record a multi-static array of signals comprised of 132 recordings.
In order to extract the tumour response from the recorded data it is necessary to calibrate the experimental system. We made use of a differential measurement technique for calibration of time-domain systems that has been previously proposed in [17, 18] . Specifically, in [17] it was shown that using differential signals collected by comparing past and present scans provides a viable method to monitor the progress of developing tumours. This calibration procedure allowed us to remove signals arising from the effects of antenna coupling (pulse travelling directly between antennas without passing through the breast), reflections arising from the radome wall, and from the background clutter (healthy tissue). Therefore, for each measurement it was necessary to record two sets of signals. The first recording was a measurement of the "healthy" breast phantom serving as a baseline signal. The idea behind this step is that a patient would have an initial scan (or a scan at regular intervals) when they are known to be cancerfree. Future follow-up scans can then be compared to the healthybaseline scan to simplify tumour detection. The second measurement is performed after inserting a tumour phantom into the breast phantom. Changes in the electrical properties within the breast phantoms will impact the received signals and thus an image of the breast can be produced to pinpoint the location of an embedded tumour. The use of the baseline signal as a calibration signal, as opposed to analyzing the received signals directly, allows us to easily assess the effect of the implemented hardware changes without the added complexity of imaging algorithms.
We investigated the performance of the experimental system with and without the pulse shaping circuitry using irregularly shaped phantoms composed of 100% fat tissue, 60% glandular tissue, 70% glandular tissue, and 80% glandular tissue. This analysis is performed on raw time-domain data (without creating images) to directly assess the improvement in tumour detection due to the SBR pulse-shaping scheme. For each of the heterogeneous breast phantoms, composed of adipose and glandular tissue, a 2-mm skin layer surrounds the breast phantom. Following the procedure in [12] , we created a spherical tumour phantom of 1 cm radius that was inserted into the breast phantom at a distance of 3.5 cm from the radome wall.
Following the aforementioned preliminary analysis we proceeded to contrast the two systems using reconstructed images of the breast phantoms. Using already developed imaging algorithms, we demonstrate here that use of the reshaped pulse greatly improves the localisation and identification of the tumour. In order to contrast the performance of the two systems we focus the imaging-based investigation on two homogeneous breast phantoms composed entirely of fatty tissue (one of which is irregularly shaped). We do not yet investigate heterogeneous breast phantoms using imaging techniques since our intent is primarily to verify the impact of the pulse-shaping circuitry.
RESULTS
We demonstrate that the use of the reshaped pulse improves the computed tumour response signal, defined as the difference between the recorded healthy baseline signal and the recorded signal when the tumour is inserted into the breast phantom. The two signals are time aligned and then subtracted from each other. In this case the healthy baseline signal serves as the ideal calibration signal; it removes both the direct pulse and the early-time response from the radome-breast interface. We make use of the computed tumour response signals in order to reconstruct an image of the breast phantom, and thus identify and localise the presence of the embedded tumour.
Time-domain Analysis
A comparison of the computed tumour response signals for the two systems is shown in Figures 8 and 9 . Figure 8 corresponds to a recording made with the realistically-shaped purely adipose phantom, and Figure 9 corresponds to the data gathered from experiments with the 80% glandular content phantom. In both figures, the data corresponds to an antenna arrangement with the two antennas (a) (b) Figure 8 . Time-domain comparison of the recorded signal and the tumour response signal for both (a) the original system and (b) the SBR-modified system in the realistically-shaped purely adipose breast phantom.
(a) (b) Figure 9 . Time-domain comparison of the recorded signal and the tumour response signal for both (a) the original system and (b) the SBR-modified system in the realistically-shaped 80% gland breast phantom.
on the same side of the radome and stacked on top of each other (transmit antenna in slot 8, receiver in slot 9); we denote this antenna arrangement as a reflection scenario, the received signals correspond to those that have been reflected from the breast phantom and the embedded tumour. In each figure we compare the results from using the generic and SBR-shaped pulses. Additionally, each respective plot contains two signals, i) the recorded signal representing the measurement when the tumour is embedded in the breast phantom, shown in blue, and ii) the tumour response signal (with the baseline measurement subtracted), shown in red.
The delay between the peak of the tumour response signal and the peak of the recorded measurement demonstrates that our calibration procedure is successful in removing the early-time response due to the direct pulse and the interface between the radome wall and the breast phantom. The time delay between the peak of the direct pulse and the peak of the tumour response signal can be defined as:
where c is the speed of light, ε r is the relative permittivity of the breast phantom, and x 0 is the difference in the path-length travelled between the direct pulse and the signal reflecting off of the surface of the tumour. The anticipated time delay can be computed for both the purely adipose and 80% glandular phantom, using weightedaverage relative permittivity values leading to ε r = 9 and ε r = 40.4 [19] for each respective phantom, resulting in delays of 580 ps and 1.16 ns, respectively. These delays represent theoretical minimum and maximum bounds for the tumour position and phantom compositions used here. An additional benefit of using the SBR-shaped pulse is that the recorded signal is easily localised in time, which is in stark contrast to the signal resulting from use of the generic impulse generator (whose pulse shape has become distorted upon transmission with multiple echoes), as can be seen in Figures 8 and 9 . This allows us to easily locate and identify the tumour response signal, and thus verify whether the delay between the peaks of the tumour response and the recorded signal agrees with the theoretical values.
From the plots in Figures 8 and 9 , we can compute the delay between the direct pulse and the tumour response signal for the SBRmodified system to be 625 ps and 850 ps for the 100% fat and 80% gland phantom, respectively. These values fall well within the expected range of time delays, as: i) these delays are dependent on the tissues found along the path between the transmitting and the receiving antennas, and ii) phantoms are heterogeneous (all paths through an 80% gland phantom will not necessarily contain this percentage of glandular tissue). Due to the poorly defined signal shape for the original system, there is poor temporal resolution due to low frequency content which makes the signal appear to have a ringing tail, and it was impossible to obtain an accurate estimate on the time-delay between the direct pulse and the tumour response. From Figures 8 and 9 it is evident that the use of the reshaped pulse significantly increases both the tumour response signal and the amplitude of the recorded signals. A comparison of the peak tumour response signal for each breast phantom, for each of the two experimental systems, is presented in Table 1 . The use of the modified pulse leads to an increase in the tumour response signal in each of the four breast phantoms tested. The use of the SBR-modified system is especially important when attempting to detect the tumour in the highly-complex heterogeneous breast phantoms. For the 60%, 70%, and 80% glandular phantoms, the unshaped pulse has trouble detecting the tumour, as evidenced by the very weak tumour response signal; it is just above the noise floor of the system (2 mV). Using the SBR-shaped pulse, however, allows the tumour to be more easily detected in these more realistic scenarios. In all cases the peak tumour response signal occurs when the antennas are arranged in a reflection scenario.
Tumour Localisation and Identification
The Delay-and-Sum (DAS) algorithm was the first imaging algorithm applied to time-domain data for the reconstruction of an image of the breast [20] . More recently, however, the more robust DelayMultiply-and-Sum (DMAS) image reconstruction algorithm has been reported [21] . We have applied the DMAS algorithm to the computed tumour response signals in order to produce and compare 3-D images of the interior of the two breast phantoms investigated here.
The images have been normalized to the corresponding global maximum intensity value of the reconstructed data set. This global maximum intensity value, hence forth referred to simply as the global maximum, represents the location of the most prominent EM scatterer, which should be the embedded tumour, and is denoted in the image by the ' * ' symbol. It is referred to as the global maximum since it represents the maximum value across the entire 3-D domain and is not simply the maximum of a single 2-D coronal slice. Within the images, dark red highlights strongly scattered electromagnetic energy, whereas blue indicates less scattering. The tumour location, based on the physical insertion of the tumour, is denoted by the '•' symbol. The reconstructed image is aligned such that the z-y plane corresponds to the plane along the chest wall and that the x-axis is oriented with the depth of the radome (corresponding to the height of the breast phantom). The centre of the image, the origin, corresponds to the centre of the radome. A coronal slice of the reconstructed 3-D image of the hemispherical adipose breast phantom, for both the generic impulse and SBR-shaped pulse systems, is shown in Figure 10 . The coronal slice is taken at the height corresponding to the centre of the embedded tumour, in this case at x = 24.5 mm. From Figure 10 , we are able to observe that the use of the SBR shaped pulse greatly improves the resolution of the reconstructed image, and more accurately estimates the tumour size. Furthermore, we note that in the reconstructed image using the reshaped pulse the tumour centre corresponds to the global maximum, as should be expected. In the case of the original pulse, the tumour is not well defined; it appears to be smoothed out over a large region in space, and additionally, unlike with the SBR-shaped pulse, the centre of the reconstructed tumour region does not correspond to the global maximum, suggesting that an artefact at a different depth (i.e., slice) not shown here is the maximum scatterer. A similar comparison is shown in Figure 11 ; however, in this case the reconstructed image corresponds to the irregularly shaped adipose breast phantom. We observe that once again the use of the SBR shaped pulse greatly improves the resolution of the image by suppressing the background clutter, more accurately estimating the tumour size and location, and by correctly identifying the tumour as the maximum scatterer (as denoted by the * symbol representing the global maximum of the image).
CONCLUSION
We have demonstrated a modified time-domain experimental system for microwave breast cancer detection using a SBR structure for pulse shaping. We are able to reshape a generic impulse from an impulse generator, using a width-modulated microstrip line, to create a pulse with a specific frequency profile, and thus of known temporal evolution. This newly designed pulse has been chosen to optimize the performance of several components of our previous time-domain system. This system is low-cost and simple to implement and avoids the need for expensive GHz-range arbitrary pulse instrumentation.
We have demonstrated the integration of this SBR structure into our original time-domain system, and successfully tested the system's tumour detection capabilities using complex heterogeneous and life-like breast phantoms. We demonstrate that the pulse-shaping components improve the signal strength of microwaves transmitted through the breast and increase the tumour response signal. Furthermore, because the SBR-synthesized pulse is compact and of a well-known shape, it is easy to discern and localise, in time, the tumour response signal, allowing us to demonstrate that the measured delays between the peak of the direct pulse and the tumour response correspond to the estimated theoretical values.
Using an existing image reconstruction algorithm we have recreated images of two homogeneous purely adipose breast phantoms with inserted tumours. We have shown that the use of the SBRshaped pulse significantly increases the resolution of these images, and successfully detects and localizes the tumour as the most prominent EM scatterer.
